Abstract-A polarization matched 2×2 radiating array for electronically steered phased array antenna is presented. The antenna array is a multi-layer structure consisting of four square microstrip patch elements grown on each substrate to provide wide band operation at S-band. Dual polarizations of radiated wave from the antenna array have been achieved by feeding the array in series fed mode through horizontal and vertical ports. Designed 2 × 2 S-band dual polarized series fed antenna has been optimized on a finite element based ANSYS HFSS full wave solver. Controlling the amplitude of RF signal at input ports, the polarization can be matched to the target antenna polarization, hence antenna can work as polarization matched antenna. Gain of the developed antenna is 13 dBi, and the return loss is better than 10 dB over the frequency range of 2.3 to 2.5 GHz. This antenna can be used as radiating array for electronically steered phased array for S-band SOTM (SATCOM On The Move) application where the polarization of the antenna changes with movement of host platform.
INTRODUCTION
Polarization matched antennas are needed in applications where the polarization of antenna changes due to movement of host platform on which the antennas are placed. In the case of SOTM for airborne application, the polarization of antenna changes significantly (due to large yaw, roll and pitch of the airborne platform). The changes in polarization occur very fast due to fast movement of airborne platform, and hence the compensation for this should be applied in the design. These types of antennas are also required in both radar and communication systems which need polarization diversity. Demand of large bandwidth related services in wireless communication and network system has forced to improve the link performance and channel capacity of the communication system. This can be achieved by using various diversity techniques. Two diversity techniques, i.e., space and polarization diversity, are employed using antennas. In space diversity, multiple antennas are strategically spaced for transmission and reception. The polarization diversity is achieved using two orthogonal ports of the same antenna. With demand for miniaturization of communication systems and devices, the polarization diversity has become an attractive solution as it requires less space than space diversity [1] .
Generally, mechanically steered antennas are used for airborne applications where the polarization of the antenna is matched with that of the target antenna by rotating the antenna or feed (in the case of reflector antenna) fast enough so that the polarization may be matched dynamically. The second option to compensate the polarization misalignment is to use circularly polarized (CP) antenna which would provide polarization matching over the plane of CP. The circularly polarized antenna would have the polarization loss depending on the angle of transmitted/ received signal and axial ratio variations over the frequency band. Both of the above types have the limitations in terms of requirement of additional sub-system and losses due to circular polarization. To compensate the polarization loss completely, it is proposed to use dual polarized antenna with two inputs polarizations whose resultant output polarization can be aligned to target antenna polarization by changing the excitation amplitude of the antenna inputs.
Feeding the microstrip patch antenna at two orthogonal edges, through edge feed or probe feed and hence exciting transverse magnetic TM 01 and TM 10 modes with orthogonal polarization, dualpolarized antennas can be realized [2, 3] . As the impedance bandwidth of the antenna depends mainly on the feeding techniques, a maximum of 1.9% impedance bandwidth can be achieved using probe-fed microstrip arrays [4] and up to 15% with stacked structure [5] [6] [7] .
In a coplanar geometry 20% bandwidth can be achieved for horizontal polarization, and in this case the vertical polarization is achieved by microstrip line through an H-shaped slot [8] . Microstrip antennas bandwidth can be increased up to 22% with proximity coupling [9, 10] .
In dual polarized microstrip patch antenna arrays using coplanar microstrip feeding network, we can achieve an impedance bandwidth up to 2% if a corporate feeding network is employed [11] . Standard coplanar series feeding has impedance bandwidth of 1.1% [12] and 2.9% with line or patch tapering [13, 14] for single polarization.
Polarization diversity in MIMO (Multi-Input Multi-Output) system provides improved multiplexing gains, mainly in Rayleigh fading channels and in the presence of high transmitting fading signal correlation [15] . Radar uses dual polarized antennas for getting information in horizontal and vertical planes simultaneously [16, 17] . Design and realization of various dual polarized antenna arrays to achieve high gain have been reported [18] [19] [20] [21] [22] [23] [24] [25] .
Present paper discusses a series fed 2×2 polarization matched antenna array. In this, the amplitude of the input ports can be varied to align the polarization of antenna with the target antenna polarization. Dual layer geometry has been used to obtain wide band of operation. A gain of approximately 13 dBi within the bandwidth and side lobe levels (SLLs) better than −10 dB were targeted. Design and realization of a series fed polarization matched antenna including simulated and measured results is presented in this paper.
The designed antenna can be used as radiating array for electronically steered phased array antenna to be used with fast moving airborne vehicle. Being electronically controlled, the designed antenna can match the polarization of antenna with the targeted antenna in a very fast manner as compared to conventional mechanically rotating antenna.
DESIGN CONSIDERATION
Feeding a square microstrip patch antenna orthogonally is one of the easiest ways to generate dual polarized antennas. In conventional feeding techniques, i.e., by using progressive power division technique, it is very cumbersome to feed the microstrip patch array in orthogonal planes simultaneously. To reduce the complexity of the design, series feeding techniques have been adapted in the present case. This configuration not only allows feeding the antenna element in dual polarizations but also reduces the length of microstrip lines thereby reducing its effect on the radiation characteristics of the antenna. After connecting the antenna elements in the series configuration, they are added in vertical as well as horizontal planes by power divider network and thus resulting in two input ports, i.e., vertical port and horizontal port. Stacking technique has been used in the antenna design to enhance the frequency band of operation. It increases the bandwidth of the antenna from 3% to 8% and uses two layers of square patch antenna placed one above the other so that bandwidth of operation may be increased. Rohacell material having dielectric constant equivalent to air has been used in between the antenna layers. The direction of radiated RF signal, which is the vector sum of two right angled vectors, would lie in between the directions of two vectors. If the amplitudes of two vectors are equal, the direction would be at 45 degrees from either vector. If the amplitudes of the two vectors are different, then the direction of resultant vector would lie towards the larger vector. For the present application, we have used digital attenuator at both the input ports by which the amplitude of the input signals are varied. By knowing the polarization of targeted antenna, we can program the digital attenuator in such a manner that the direction of resultant polarization vector can be matched with the polarization of the targeted antenna. Hence by altering the coefficient of magnitude of the vectors, the orientation of the resultant vector can be changed. This concept has been extended here for the design of polarization matched patch antenna. In this case the amplitudes of two orthogonally polarized ports are added with variable magnitude to obtain the desired orientation of polarization. This can be demonstrated as follows.
Suppose that a x and a y are the magnitude of two orthogonally polarized vectors, and the resultant amplitude and phase of the two vectors can be written as
In the above equation if a y becomes zero the signals become X polarized or horizontally polarized. On the other hand, when a x becomes zero the resultant signal becomes Y polarized or vertically polarized. Further by making amplitudes of both a x and a y equal to unity the polarization would be diagonal.
A dual polarized 2 × 2 array antenna has been designed using series fed configuration at 2.4 GHz. It is designed in stacked layers with 10 mm air gap in between to increase the bandwidth of operation. Both the bottom and top layers of the antenna have been designed on Rogers 5880 RT Duroid substrate material having ε r = 2.2 and tan δ = 0.0009. The thicknesses of top and bottom layers are 30 mil and 60 mil, respectively. Bottom layer consists of a series fed microstrip antenna with dual orthogonal ports. The sketch of designed antenna with all the dimensions is shown in Figure 1 . To achieve 50 Ω impedance matching, each microstrip line is connected to a quarter wave transformer of length 22 mm and width 2.8 mm. The square microstrip patch at both of the layers has dimension of 41.25 mm × 41.25 mm. Two orthogonal ports of the antenna are fed with different amplitudes by using a digital attenuator. It adjusts the input signal at both input ports as per the polarization tilt requirement.
SIMULATION & EXPERIMENTAL RESULTS
The designed antenna has been modeled, simulated and optimized on ANSYS HFSS software taking proper boundary conditions. 3D CAD model of the antenna is shown in Figure 2 .
The designed antenna has been developed, and its S parameters have been measured by vector network analyzer. Photographs of the developed 2 × 2 series fed microstrip patch antenna are shown in Figure 3 . A metallic enclosure is also fabricated for holding the two PCBs with an optimum air gap.
Comparisons The reflection coefficients (S 11 & S 22 ) of the antenna at port 1 & port 2 are better than 10 dB over the frequency band of 2.31 to 2.56 and 2.32 to 2.51 GHz, respectively. Hence 8% impedance bandwidth is achieved. The simulated radiation patterns of the antenna at V and H ports are quite similar. Simulated and measured radiation patterns of the antenna at 2.4 GHz are shown in Figure 6 .
The electric field vector of the antenna which decides the polarization is shown in Figure 7 for different combinations of excitation amplitudes at both input ports using digital attenuator. The antenna was also evaluated by exciting both of the ports simultaneously with equal power, and in this case diagonal polarization was achieved. The gain of the antenna is measured using SGH method, which is 13 dBi at 2.4 GHz for both V-and H-ports.
CONCLUSION
A low profile, light weight 2 × 2 series fed microstrip antenna has been designed, simulated, optimized and developed at S-band frequency. Measured results are very close to the simulated values. Dynamical control of polarization has been achieved by changing the amplitude of RF signals at the horizontal and vertical ports of antenna using digital attenuator. The antenna is a most suitable radiating element of electronically steered phased array antenna for SATCOM on the move application.
